We report efficient four-wave mixing within a 30cm-long π phase-shifted Raman DFB fiber laser written in standard fiber operating at 1117nm with a maximum wavelength shift of 167nm and a conversion efficiency up to -25dB.
Experimental setup
The schematic diagram of the experimental setup is shown in Fig. 1(a) . A high power continuous-wave (CW) linearly polarized pump source at ~1064nm was used as the pump source for generating the R-DFB signal [7] and a TLS (DL pro, Toptica Photonics) was employed as the probe for FWM generation and was amplified by a PM Yb-doped fiber amplifier (YDFA). The outputs of the lasers were individually connected to isolators (ISO1 & ISO2) and polarization controllers (PC1 & PC2). The 1064nm pump source and the TLS were coupled into the DFB grating via a 3dB coupler. Besides, a 1064/1117nm WDM was inserted between the 3dB coupler and the DFB grating in order to filter out the backward R-DFB signal. All the fiber ends were angle-cleaved to prevent end-feedback and the DFB grating was mounted on a heat sink to help control the temperature and better remove any generated heat. Note that all the passive components as seen in Fig. 1(a) were non-PM and all the components as well as the pigtail fiber were mounted statically on the optical bench to reduce the influence of the environmental fluctuations.
The centre π phase-shifted DFB grating was written directly into PS980 fiber using 244nm UV light without the aid of hydrogen or deuterium loading. The coupling coefficient of the grating was measured to be 37m -1 [8] . The same PS980 fiber was used as the pigtail of DFB grating with a length of 1.8 m (as L2 in Fig. 1(a) ), which was directly coupled into an optical spectrum analyzer (OSA) via a free-space wavelength independent attenuator. The NA, propagation loss () at 1.1µm, and nonlinear coefficient ( @ 1.1µm) of PS980 is 0.14, 20dB/km and ~6 (Wkm) -1 , respectively.
Results and discussions:
Fig. 1(b) shows the calculated total group velocity dispersion (GVD) of PS980 and the vertical dashed line indicates the operating wavelength of the R-DFB signal. The ZDW of the fiber is estimated to be ~1.48µm and therefore all the operation wavelengths in this work are located in the normal dispersion region of the fiber. The inset of Fig. 1 (b) shows the simulated GVD of the passive DFB grating within the wavelength detuning range of ± 0.02nm. It is clearly seen that the GVD reaches very high values within the pass-band of the grating around the R-DFB wavelength [9] . As the data also shows the dispersion drops off quite rapidly for wavelengths outside the stop-band of the DFB grating. Normalized overlapping spectra of the probe wave #2 (black) and its conjugate wave #2* (red) with a RBW of 0.01nm. Fig. 2(a) shows the typical FWM output spectra with the TLS from the R-DFB device with a resolution bandwidth (RBW) of 1nm. Note that the R-DFB signal at ~1117.8nm was generated with the CW pump source at 1064nm (#0) and then acted as the pump source for the FWM process in the R-DFB device [6] . Also, the CW 1064nm pump source was maintained constantly at ~2W [6] throughout the measurements of continuously tuning the TLS from ~1080.4nm (#1) to ~1040.8nm (#5). Such a CW 1064nm pump power was selected by means of ensuring the highest possible conversion efficiency of the conjugate wave #0* to its original wave #0 without the TLS. At this power level, as clearly seen in Fig. 2(a) , the conjugate waves from ~1158nm to ~1207.3nm clearly appear above the noise floor. For example, the conjugate wave of #i* (i=0,1,2,3,4,5) is individually converted from its original probe wave of #i via the FWM process. To further confirm this, Fig.  2(b) shows the normalized overlapping spectra of the probe wave of #2 and the corresponding conjugate wave of #2* with a RBW of 0.01nm. It is evident that they are nearly identical within the 25dB bandwidth, which is expected since the FWM process will preserve the phase and amplitude of the wavelength-converted probe signal. Note that the noise floor of the conjugate wave is only limited by the sensitivity of the OSA.
The tuning range of the TLS applied in this work was restricted by the output power of the PM YDFA, as seen in Fig. 1(a) . The incident probe power into the R-DFB device was in the range of 10 to 70mW, estimated from the output OSA traces. Fig. 3(a) shows the FWM conversion efficiency with respected to the frequency detuning which is the frequency separation between the probe wave and the R-DFB signal, as indicated in Fig.  2(a) . The vertical lines indicate the conversion efficiency at the probe wavelengths of #i (i=0,1,2,3,4,5) as shown in Fig. 2(a) . It is found that the FWM conversion efficiency decreases from ~ -25dB to ~ -37.5dB while increasing the frequency detuning from ~9.3THz (corresponding to the probe wave at 1080.4nm) to ~19.9THz (corresponding to the probe wave at ~1040.8nm). This we believe is due to increasing walk-off between the interacting waves for a wider frequency detuning [2] . However, it can be noted that there are two dips occurring at the probe waves of near #0 and #4 as seen in Fig. 3(a) . This is believed to be due to the slight reduction of the R-DFB signal power, which can be proved by the inset of Fig. 2(a) . The reasons for such a reduction of the R-DFB signal could be attributed to the power variation of the CW 1064nm pump source, the environmental fluctuations and a slight drift of the polarization state, which could be eliminated by applying an all-PM fiber configuration. Regarding the effects of the variation of the probe power, Fig. 3(b) illustrates the FWM conversion efficiency against the YDFA pump diode current at selected probe waves of #i (i=1,2,3,4,5), which have been indicated in Fig. 2(a) and Fig.3(a) . It can be seen clearly that the FWM conversion efficiency remains constant within ± 0.7dB. Note that the vertical line indicated in Fig. 3(b) is the YDFA pump diode current applied to all the probe waves during the measurement. Hence, it can be concluded that the reduction of the conversion efficiency with the increase of the frequency detuning in Fig. 3(a) is predominantly due to the dispersion effect and the power variation of the R-DFB signal, and not because of the power variation of the probe waves.
We have also theoretically studied such efficient and compact FWM generation in these R-DFB fiber lasers by solving the FWM coupled mode equations [10] . The simulation results match well with the experimental data. We will also present detail of these simulations at the conference. 
Conclusion
In summary, we have demonstrated ultra-broadband wavelength conversion based on FWM in a 30cm-long R-DFB fiber laser written in standard optical fiber. The conversion efficiency is measured to be up to -25dB over a wavelength conversion range of ~167nm. To the best of our knowledge, this is the widest wavelength conversion range with such a short length of a standard optical fiber.
